Understanding the chemistry of protein modification by formaldehyde is central to developing improved methods to recover proteins from formalin-fixed paraffin-embedded tissues for proteomic analysis and to improve protein immunoreactivity for immunohistochemical studies. We used biophysical techniques to investigate the effects of formaldehyde treatment on bovine pancreatic ribonuclease A (RNase A). Treatment of RNase A with formaldehyde was shown by gel electrophoresis to lead to the rapid formation of intra-and intermolecular protein cross-links. Thermal studies revealed that these protein cross-links significantly increased the thermal denaturation temperature of RNase A preparations. Analysis of formaldehyde-treated RNase A oligomers isolated by gel chromatography revealed that intramolecular protein cross-links are primarily responsible for the increase in protein thermostability. Formaldehyde treatment also lowered the isoelectric point of the enzyme from 9.45 to the 6.0-7.4 range. Optical spectroscopic studies demonstrated that the formaldehyde-induced modifications did not significantly alter the secondary or tertiary structure of RNase A. Heating formaldehyde-treated RNase A at 651C resulted in a significant reversal of the protein intra-and intermolecular cross-links and led to a partial restoration of enzymatic activity.
Formalin fixation remains the pre-eminent technique for processing tissue specimens for pathologic examination, for the study of tissue morphology, and for archival preservation. 1 Indeed, some repositories now contain millions of formalin-preserved whole or paraffin-embedded tissue specimens, which provide an invaluable source for retrospective studies of disease progression and for correlating patient outcome with treatment protocols. The great advantage afforded by formalin fixation in preserving tissue morphology has been offset in part by the realization that formalin fixation reduces immunohistochemical reactivity 2 and has thwarted the ability to extract proteins from formalin-fixed tissues for proteomic analysis. 3 In the early 1990s a series of techniques, referred to collectively as antigen retrieval (AR), were introduced. These techniques allow the partial recovery of immunoreactivity from formalin-fixed paraffin-embedded tissue sections by exposing the sections to high temperatures for brief periods in the presence of buffer or protein denaturant solutions. [4] [5] [6] Subsequently, AR methods have found widespread use in immunohistochemistry, and numerous studies have been published addressing the important parameters of the technique. [7] [8] [9] [10] [11] [12] Although AR methods are effective for recovering many masked antigens in formalin-fixed paraffinembedded tissue sections, the technique has a number of shortcomings. The staining intensity of some antigens is reduced with prolonged heating, 13 whereas other antigens are undetectable even with prolonged AR treatment. 9 Additionally, there is significant variability in the AR conditions required for unmasking a given antigen in different tissue types and for unmasking different antigens within the same tissue type. 10 These complications require a considerable investment in time and materials to optimize the retrieval conditions for each antigen and tissue. 14 Results vary from lab to lab and frequently depend upon the conditions used for tissue fixation. To date, improvements in the AR technique have been derived through empirical means, with little understanding of the effects of formalin fixation on protein antigenicity 15 or the mechanism whereby antigen unmasking is achieved during AR treatment.
Although numerous mechanisms have been put forth to explain antigen unmasking by AR methods, 4,16,17 they remain speculative because tissue sections are too complex to allow for a detailed understanding of the behavior of individual molecules. It is clear that a detailed understanding of the mechanisms of AR can only be obtained by studying the effect of formalin fixation and AR methods on the chemical properties of isolated proteins and relating these findings to the immunoreactivity of the proteins. 18 In this article, we present data on the effects of formalin fixation and demodification by heat treatment on the structural, thermal, and functional properties of bovine pancreatic ribonuclease A (RNase A).
Materials and methods

Reactions and Treatment of Samples
Bovine pancreatic RNase A (type III-A) from Sigma Chemical Co. (St Louis, MO, USA) was dissolved in 75 mM potassium phosphate buffer (pH 7.4) and dialyzed against the same buffer using a Spectra/Por cellulose ester dialyzer with a molecular weight cut-off of 5 kDa (Spectrum Laboratories, Rancho Dominguez, CA, USA). The RNase A concentration was determined spectrophotometrically assuming that E 1% ¼ 6.9 at 280 nm.
19
Reactions of RNase A and formaldehyde (cat. no. BP531, Fisher Scientific, Pittsburgh, PA, USA) were studied at both high and low concentrations of protein and formaldehyde as described below. For the high-concentration studies, 9 volumes of RNase A stock solution, 7.22 mg/ml, were mixed with 1 volume of 37% formaldehyde. The reaction mixture was kept at 23711C in a light-protected microtest vial and examined by a number of techniques over a period of 9 days. For differential scanning calorimetry (DSC) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) studies, aliquots of the RNase A-formalin solutions were frozen at À201C at various time points during the 9-day incubation at 231C. At the end of the 9-day incubation period, all the aliquots were thawed and dialyzed together in the same beaker against 75 mM potassium phosphate buffer (pH 7.4) in Slide-A-Lyzer dialysis cassettes with a molecular weight cut-off of 3.5 kDa (Pierce, Rockford, IL, USA). After spectrophotometric determination of the protein concentration, the samples were subjected to DSC and SDS-PAGE as described below.
For the low-concentration studies, the reaction mixture was formed from equal volumes of RNase A solution, 2 mg/ml, in 10 mM potassium phosphate buffer (pH 7.3) and 10% buffered formalin (pH 7.3).
After a 24-h incubation in formalin, modified RNase A was freed of excess formaldehyde by dialysis and used to study the effect of the duration of dialysis and the effect of heat treatment on the restoration of the RNase A enzymatic activity lost by treatment with formaldehyde.
Spectroscopic Measurements
Circular dichroism (CD) spectra in the far-UV region, 174-250 nm, were acquired from the undiluted reaction mixture using a 0.02-mm path length cell. CD spectra in the near-UV region, 245-350 nm, were recorded using a 10-mm path length cell with the reaction mixture diluted 10-fold with 75 mM potassium phosphate buffer. The CD spectra were recorded with a Jasco-715 spectropolarimeter (Jasco Corp., Tokyo, Japan). Each spectrum was an average of two measurements taken under identical conditions. The following settings were used: the scan speed was 20 nm/min, the band width was 1 nm, the resolution was 0.1 nm, and the response time was 4 s.
UV absorption spectra were recorded between 220 and 320 nm with a Beckman DU 600 single-beam spectrophotometer (Beckman Instruments, Fullerton, CA, USA) at a scan speed of 240 nm/min. Spectra were recorded using a 10-mm path length cell; the reaction mixture was diluted 10-fold with 75 mM potassium phosphate buffer. Fluorescence spectra between 280 and 400 nm were obtained with a Jasco FP-777 spectrofluorometer at a scan speed of 200 nm/min. The excitation wavelength was 277 nm, and the slit width for both excitation and emission was 10 nm. Spectra were recorded using a 2-mm path length cell.
Differential Scanning Calorimetry
Temperature-induced conformational changes in native or formaldehyde-treated RNase A, 0.5-1.0 mg/ml, were recorded with a model 5100 Nano differential scanning calorimeter (Calorimetry Science Corp., American Fork, UT, USA) at a heating rate of 11C/min and under a pressure of 3 atm. Prior to scanning, all samples were extensively dialyzed, and the external dialysis solutions were used to fill the reference cell of the calorimeter. The denaturation temperature (T d ) was defined as the temperature corresponding to the maximum excess heat absorption observed during the protein endothermic denaturation transition.
Gel Electrophoresis
Protein samples were denatured at 701C for 10 min in sample buffer (pH 8.5) containing 50 mM dithiothreitol and 2% lithium dodecyl sulfate. SDS-PAGE was run at neutral pH on NuPAGE Bis-Tris precast gradient (4-12%) polyacrylamide gels, 1 mm Â 80 mm Â 80 mm (Invitrogen, Carlsbad, CA, USA). The running buffer was 50 mM Tris, 50 mM 2-(N-morpholino) ethanesulfonic acid (MES), 0.1% SDS, and 1 mM EDTA (MES SDS, Invitrogen). In addition to the running buffer, the cathode chamber contained NuPAGE antioxidant (Invitrogen). The 2.5-200 kDa molecular mass standards and the Coomassie blue-based colloidal staining kit were from Invitrogen. Gel images were documented using a Scanjet 5470c (Hewlett Packard Co., Palo Alto, CA, USA).
Column Chromatography
RNase A, 4 mg/ml, was incubated in neutral 10% formalin for 24 h, freed of formaldehyde by dialysis, and concentrated four-fold on a Microcon YM-10 centrifugal filter device (Millipore, Bedford, MA, USA). The sample was then injected into an HR 16/ 50 column filled with prep grade Superdex 75 (Pharmacia Biotech, Uppsala, Sweden). The column was eluted with 0.15 M KCl, 50 mM phosphate buffer (pH 7.4) with the use of a model 715 HPLC system (Gilson Medical Electronics, Middleton, WI, USA). The flow rate was 76 ml/min, and fractions were collected for 10 min.
Isoelectric Focusing
Isoelectric focusing (IEF) gel electrophoresis was performed on precast vertical Novex pH 3-10 IEF 5% polyacrylamide gels (Invitrogen) according to the manufacturer's protocol. Aliquots of formaldehyde-treated RNase A and aliquots of its monomeric and oligomeric fractions separated by chromatography were dialyzed against 20 mM KCl before being loaded onto the gel. The isoelectric point (pI) markers (SERVA liquid mix IEF marker 3-10) were obtained from Invitrogen.
Assay for RNase A Enzymatic Activity
The enzymatic activity of native or formalin-treated RNase A was determined using cytidine 2 0 ,3 0 -cyclophosphate (Sigma) as the substrate (0.1 mg/ml) according to the procedure outlined by Crook et al. 20 The rate of hydrolysis of cytidine 2 0 ,3 0 -cyclophosphate was measured at 286 nm using a Beckman DU 600 spectrophotometer. TAE buffers at pH 4, 7, and 9 were prepared by titrating 40 mM Tris solution containing 1 mM EDTA with glacial acetic acid.
Results and discussion
Formation of Intra-and Intermolecular Cross-links in Formalin-treated RNase A Bovine pancreatic RNase A is a single polypeptide composed of 124 amino-acid residues 21 of which eight different residues-Arg, Asn, Gln, His, Lys, Ser, Thr, and Tyr-can, in principle, be modified by reaction with formaldehyde. The cross-linking process is initiated by a very fast reaction of formaldehyde with the e-amino group of Lys. The resulting N-hydroxymethyl group (also called amino methylol) exists in equilibrium with trace amounts of protonated Schiff's base, -N þ H ¼ CH 2 , and the highly reactive electrophile, ÀNHÀC þ H 2 , which attacks available nucleophiles to form short methylene (ÀCH 2 À) bridges. 22 All 10 Lys residues of RNase A are accessible for reaction with formaldehyde. 23 The progressive formation of RNase A intra-and intermolecular cross-links with time in neutral 10 and 5% formalin was followed by gradient SDS-PAGE as shown in Figure 1a and b, respectively. RNase A samples at 6.5 mg/ml were freed of formaldehyde by fast thin-layer dialysis, denatured at 701C for 10 min in the presence of dithiothreitol and lithium dodecyl sulfate, and fractionated according to the size of the RNase oligomers. As shown in Figure 1a , lane 2, RNase A dimers, trimers, and tetramers appeared after just 20 min of incubation with formalin. Lanes 3-7 reveal a steady accumulation of oligomers with more than five cross-linked proteins over a period of 9 days and an increase in the fraction retained at the top of the gel. Simultaneously, the fraction of monomer (some of which was liberated from RNase oligomers during the 10-min heating in the denaturation step) decreases as shown by a decrease in the intensity of the band of approximately 14.4 kDa in lanes 3-7 of Figure 1a . The only consequence of intramolecular cross-linking was an increase in the mobility of formaldehyde-modified monomeric RNase A (Figure 1a, lanes 2-7) relative to untreated enzyme ( Figure 1a, lane 1) . In the absence of disulfide bridges (due to the reducing conditions of the SDS-PAGE), the formaldehyde-treated enzyme remains more compact than the native enzyme.
Additional features of formaldehyde-treated RNase A are shown in Figure 1b . Here the enzyme, 1 mg/ml, was kept in neutral 5% formalin for 1 day, and an aliquot of the reaction mixture was electrophoresed prior to dialysis (lane 2). Modified proteins are known to lose part of their bound formaldehyde upon prolonged dialysis. 24 Therefore, two aliquots of the same mixture were analyzed after 1 and 4 days of dialysis (lanes 4 and 5, respectively). As shown in Figure 1b , these different treatments affected neither the composition of the intermolecular cross-linked oligomers nor their relative positions in the molecular mass scale, although fewer intermolecular cross-links were observed in the dialyzed samples (presumably due to hydrolysis). Samples of the reaction mixtures examined in lanes 2, 4, and 5 were heated from 25 to 1001C, kept at 1001C for 10 min, and then cooled down to 251C. A rate of 11C/min was used for both heating and cooling of the aliquots to match the conditions employed for DSC, as described below. The fraction of the oligomers with more than five cross-linked proteins decreased significantly in all samples. However, there were different effects on intramolecular cross-linking as can be seen by comparing the mobility of the monomer bands in lanes 2 vs 3, 4 vs 6, and 5 vs 7. Specifically, intramolecular crosslinking was increased by heating in the presence of formaldehyde (lane 3) and decreased in the samples that were dialyzed prior to heating (lanes 6 and 7). In addition, a decrease in intermolecular cross-linking was also observed in lanes 6 and 7, reflecting reversal of this fixation effect by an antigen-retrieval procedure. Native RNase A is shown for reference in lane 1 of Figure 1b .
Effect of Formalin on the Thermal Properties of RNase A
Cross-linking constrains the conformational flexibility of biopolymers and, as a rule, leads to higher thermostability of their secondary, tertiary, and quaternary structures. 25 We used DSC to compare the heat-induced conformational transitions of selected RNase A samples that were characterized in Figure 1a . Curve 1 in Figure 2 is the profile of native RNase A, which exhibits a T d of 65.11C in neutral phosphate buffer. At temperatures above the denaturation transition, irreversible but still soluble aggregates are formed. 26 The descending heat flow in curve 1 that follows the transition peak may arise from this aggregation. Profiles 2 and 3 in Figure 2 describe the thermal denaturation of RNase A that was kept in 10% formalin for 2 and 6 days, respectively, and then freed of formaldehyde by dialysis. As shown, cross-linking shifts the denaturation profiles toward higher temperatures. The data shown in Figure 3 summarize the time course of the T d increase over the entire period of incubation. The main increase in thermostability occurred during the first 24 h of reaction with formaldehyde.
Using DSC, we also compared the T d values for samples incubated in 5% formalin and then dialyzed for 1 or 4 days. Despite minor differences in the widths of the thermal transitions (profiles not shown), both were centered at 76.51C. As modified monomeric RNase A predominates in these samples (see lanes 4 and 5 in Figure 1b) , this suggests that intramolecular cross-linking is responsible for the increase in thermostability. RNase A already possesses four intrinsic cross-links: Cys26-Cys84, Cys40-Cys95, Cys58-Cys110, and Cys65-Cys72. Experiments with enzyme variants, where each cystine was independently replaced with a pair of Ala residues, showed that removing just one crosslink, either Cys26-Cys84 or Cys58-Cys110, resulted in a decrease of the T d by almost 401C. 27 To explore this further, a mixture of oligomers formed by incubating RNase A with formalin was fractionated by gel filtration. This resulted in a fully resolved monomer and dimer, as well as a fraction consisting of a mixture of oligomers with more than five crosslinked molecules. Fractions corresponding to the monomer, dimer, and higher oligomers were analyzed individually by DSC. Several conclusions can be derived from the resulting thermal transition profiles shown in Figure 4 : (i) the difference in the T d values of the modified RNase monomer (curve 1) and the higher oligomers (curve 3) does not exceed 2-31C, (ii) intermolecular cross-linking noticeably broadens the thermal transition (possibly because of the increased microheterogeneity), and (iii) neither intra-nor intermolecular cross-linking prevents the high-temperature aggregation of the enzyme. SDS-PAGE of the samples prior to the DSC experiment (lanes 1-3 in Figure 5 ) and after the DSC scans (lanes 4-6) demonstrated that heating above 1001C almost completely destroyed the cross-linking in the RNase oligomers. This can be seen by comparing the bands in lanes 2 and 3 with those in lanes 5 and 6 of Figure 5 .
Effect of Formalin on the Ionization State of RNase A
RNase A is a basic protein with a pI of 9.45 and a net positive charge in neutral solution. 28 However, formaldehyde-treated RNase was not adsorbed by a cation exchanger when we attempted to use SO 3 À polystyrene-based resin (SOURCE 15S, Amersham Pharmacia Biotech) for chromatography. To explore this further, RNase A was treated with 5% formalin and analyzed by IEF gel electrophoresis. Figure 6a shows that the pI values were shifted into the pH 6.0-7.4 range. Figure 6b shows the results of IEF on the RNase A fractions isolated by gel chromatography. The trimer and higher RNase oligomers are grouped at the lower limit of this pH range, indicating the further involvement of basic amino acid residues in intermolecular cross-linking. The abundance of discrete bands shown in Figure 6b reflects the microheterogeneity within the fractions.
Effect of Formalin on the Secondary and Tertiary Structure of RNase A
In the preceding sections, we evaluated the formation of intra-and intermolecular cross-links, changes in the protein ionization state, and changes in protein thermal stability produced by treating RNase A with formalin at neutral pH. We next examined the structural properties of formaldehyde- treated RNase A using optical spectroscopic methods. The secondary structure of RNase A consists of one long four-stranded antiparallel b-sheet and three short a-helixes, 29 which places RNase A in the a þ b structural class of proteins. The effect on the secondary structure of the protein by a 9-day incubation of RNase A (6.5 mg/ml) in 10% formalin was examined with far-UV CD spectroscopy ( Figure 7 ). The resulting changes are shown by the difference spectrum (curve 3) derived by subtraction of the native enzyme spectrum (curve 1) from the spectrum of the incubated RNase A (curve 2). The decrease in the negative band intensity and the associated decrease in the positive band intensity are both indicative of a subtle secondary structure perturbation. Similar small changes, seen at the very beginning of the native enzyme disorder transition, have previously been associated with (i) the partial unfolding of helix II (residues 24-34) and possibly also the b-segment 43-49, 30 or (ii) with a loosening of the interaction of helix I (residues 3-13) with the major hydrophobic protein core. 31 The UV absorbance, near-UV CD, and fluorescence spectra of RNase A are largely determined by six Tyr residues, 32 three of which (Tyr25, Tyr92, Tyr97) are buried within the interior of the protein. Exposed Tyr73, Tyr76, and Tyr115 are available to react with formaldehyde and/or activated Lys residues. Our data suggest that, upon prolonged incubation in formalin, a small fraction of these residues become modified by such chemical reactions. This conclusion is based upon the appearance of a weak broad band in the UV absorbance spectrum (not shown) near 300 nm and a relative increase in absorbance at 250 nm, both of which are similar to changes that accompany alkaline titration of RNase A when exposed Tyr residues become ionized. 33 In the near-UV CD spectra (Figure 8 ), the partially resolved band at 283 nm is attributed to the exposed Tyr residue(s) of the enzyme. 32 Therefore, the 10% decrease in the intensity of this band caused by the 9-day incubation with 10% formalin may also reflect changes affecting the Tyr residues. The decrease in intensity could be explained by either a partial exposure of buried Tyr25 and/or an increase in the distance between Tyr73 and Tyr115 within the RNase A tertiary structure. 32, 34 In native proteins, Tyr fluorescence emission at 304 nm may be quenched by factors such as the presence of nearby charged amino-acid residues or the involvement of the Tyr hydroxyl group in hydrogen bond formation. 35 In our experiments, formaldehyde-induced modifications can, in principle, alter Tyr emission by either chemically modifying the Tyr residue's microenvironment or by changing the secondary or tertiary structure of the enzyme. The 10% increase in Tyr fluorescence (not shown) that accompanies prolonged incubation in formaldehyde solution probably reflects contributions from both factors.
In summary, our optical spectroscopic studies reveal that formalin treatment leaves the secondary and tertiary structure of RNase A essentially intact.
Recovery of RNase A Enzymatic Activity
The results of our study demonstrate that protein modifications produced by formalin treatment can be significantly reversed by heating the proteins at elevated temperatures. This suggests that protein immunoreactivity and function could be recovered by prolonged heating of formalin-treated proteins, particularly if the incubation temperature is kept below the T d of the formalin-modified protein. To test this concept, formalin-treated RNase A that had been freed of excess formaldehyde by dialysis was incubated at elevated temperatures, and the recovery of enzymatic activity was assayed with the minimal substrate, cytidine 2 0 ,3 0 -cyclophosphate. As shown in Figure 9 , incubation in buffer at 501C does lead to a recovery of activity, but at a rate of only 1.2%/h. When the temperature was raised to 651C, the rate of activity recovery increased to 3.5%/h. The effect of pH on the recovery of enzymatic activity at 651C is shown in Figure 10 . An acidic medium provides a faster and more complete enzymatic recovery than a neutral or basic medium.
In this context, it is interesting to note that AR methods using alkaline buffers generally yield a stronger immunogenic response than do acidic buffers. 8 It is possible to reconcile these observations by suggesting that some formaldehyde-modified antigens tend to aggregate in acidic medium, thus masking their more efficient de-modification at low pH. The recovery of RNase A enzymatic activity is likely to be correlated with the reversal of protein modifications that occur when the formalin-treated enzyme is incubated at elevated temperatures in formaldehyde-free buffers. The recovery of immunoreactivity from formalin-treated RNase A is detailed in the accompanying paper. 36 
Figure 8
Near-UV CD spectra of native RNase A (profile 1) and RNase A (6.5 mg/ml) kept in 10% buffered formalin (pH 7.4) at 231C for 210.5 h (profile 2), and their difference spectrum (profile 3). Spectrum 2 was recorded from a 10-fold diluted aliquot of the reaction mixture. 
